P lasmid DNA holds promise as a vaccine modality for immunization against diseases such as AIDS, malaria, and tuberculosis. However, the utility of DNA immunogens has been limited by their failure to elicit sufficiently potent immune responses. One potential explanation for the limited immunogenicity of plasmid DNA is that it is associated with only a transient or low magnitude of Ag expression. There is substantial evidence suggesting that insufficient or suboptimal Ag expression by any vector can lead to brief or weak immune responses (1) (2) (3) (4) (5) (6) . Efforts have therefore been focused on developing novel vaccine vectors that can provide a more persistent source of Ag. These vectors either integrate into the host genome, such as adeno-associated virus (7) , or replicate persistently in vivo, such as mycobacteria (8) . Yet little is known about the relative contributions of host factors in restricting long-term expression of plasmid DNA vaccine Ags in vivo. It is therefore unclear whether the transient expression of plasmid DNA Ags is a result of inherent properties of the vector or a result of host factors that might act on any vaccine vector.
A number of mechanisms have been shown to limit the expression of vaccine vectors in vivo. In particular, vector-and transgene-specific CTLs have been shown to damp expression from adenoviral vectors (9 -12) . In contrast, it is not clear whether cellular immune responses regulate the expression of plasmid DNA vaccine Ags. Although immune-mediated destruction of Ag-producing muscle fibers has been reported following immunization with plasmid DNA expressing a surface-expressed hepatitis B virus Ag (HBsAg), 4 this destruction was not seen with a plasmid DNA expressing the intracellular protein luciferase (13) . Furthermore, attenuation of Ag expression was temporally associated with the appearance of anti-HBsAg Abs, and MHC class I and perforin molecules were not required for the damping of Ag expression (13, 14) . These findings argue against a role for CTL-mediated apoptosis in eliminating plasmid DNA immunogens. Rather, these data are consistent with an Ab-dependent cell-mediated cytotoxicity or a complement-mediated lysis (15) mechanism for the in vivo clearance of HBsAg-expressing plasmid DNA. However, the HBsAg system may be unusually skewed toward a strong humoral immune response (16) , leading to an underestimation of the role of CTL or other mechanisms in limiting the expression of plasmid DNA vaccine Ags. In addition to Ag-specific immune responses, host factors may limit plasmid DNA expression, including nonAg-specific inflammation (17) , vector redistribution (18) , death of transfected cells (19) , or circulating DNases (20) . An ability to monitor precisely the kinetics of Ag expression and immune responses is needed to clarify the role of vaccine-elicited T cells in eliminating plasmid DNA immunogens.
In this study, we show that vaccine Ag-elicited T lymphocytes damp plasmid DNA vaccine Ag expression in vivo through Fasmediated apoptosis. Because this damping of expression also occurs with nonreplicating viral vectors, and can be mediated by transgene product-specific rather than vector-specific immune cells, it follows that autologous T cells may limit the persistence of Ag Division of Viral Pathogenesis, Harvard Medical School, Beth Israel Deaconess Medical Center, Boston, MA 02215 expression by any vaccine vector. These findings argue that strategies for maintaining persistent, high-level production of vaccine Ag in vivo must circumvent immune-mediated Ag clearance. 
Materials and Methods

Animals and immunizations
Vectors
E1/E3-deleted rAd containing GL2 luciferase (Promega) was provided by G. Nabel (Vaccine Research Center, National Institute of Allergy and Infectious Diseases, Bethesda, MD). pGWiz-Luc, referred to in this study as plasmid Luc0, was purchased from Genlantis.
For constructing plasmid Luc, the GL4.10 luciferase sequence (Promega) was PCR amplified and inserted into the pVRC2000 plasmid vector, as described previously (21) . For AL11-tagged plasmid Luc, a forward PCR primer encoding the immunodominant H-2D b -restricted SIV Gag AL11 epitope (AAVKNWMTQTL) inside triple-alanine spacers was used (5Ј-TTATCTGCAGGCCACCATGGCCGCAGCCGCAGCCGTGAAGAA CTGGATGACTCAAACGCTCGCCGCTGCAATGGAAGATGCCAAAA ACATTAAGAAGGGC-3Ј).
Plasmid DNA was prepared using an endotoxin-free Qiagen Gigaprep kit.
In vivo bioluminescence measurement
Animals were injected i.p. with 100 l of a 30 mg/ml solution of firefly luciferin in PBS (Xenogen), and 100 l of a 20 mg/ml ketamine and 1.72 g/ml xylazine mixture. After 20 min, imaging was performed using the in vivo imaging system (IVIS) Series 100 (Xenogen) with an integration time of 1 min. Overlay images and luminescence measurements were made using Living Image software (version 2.50.1; Xenogen).
Immunological assays
ELISPOT assays were performed, as previously described (22) . A luciferase peptide pool of 67 18-mers, overlapping by 10, was synthesized by Quality Control Biochemicals.
H-2D b /AL11 tetramers were prepared and used to stain epitope-specific CD8 ϩ T lymphocytes, as previously described (23) . Samples were analyzed on a FACS array (BD Pharmingen), and CD8 ϩ T lymphocytes were examined for staining with the D b /AL11 tetramer. CD8 ϩ T lymphocytes from control mice immunized with untagged plasmid Luc exhibited Ͻ0.1% tetramer staining.
Intracellular cytokine staining was performed, as previously described (24) . For CD8 ϩ T cell stimulation, cells were incubated with AL11 peptide at 1 g/ml.
Histopathology
Muscles were isolated 17 days following inoculation, fixed in formalin, and then paraffin embedded. Serial H&E sections were used to identify regions with significant inflammatory infiltrates. For CD3 staining, slides were then deparaffinized and unmasked. Endogenous peroxidase activity, avidin, biotin, and nonspecific binding were blocked using hydrogen peroxide, avidin-biotin blocking kit (SP-2001; Vector Laboratories), and normal goat serum, respectively. Rabbit anti-CD3 mAb (ab5690; Abcam) was diluted (1/250) and incubated on slides overnight. Biotinylated goat anti-rabbit secondary Ab was used at a dilution of 1/200. Slides were developed using the avidin-biotin complex/diaminobenzidine system. Sections were counterstained with hematoxylin, and then dehydrated and coverslipped with permount/xylene solution.
The TUNEL assay was used to detect apoptotic nuclei. Slides were deparaffinized, and treated with proteinase K and then 3% hydrogen peroxide. Slides were then incubated in a TdT reaction for 60 min at 37°C. Slides were incubated in antidigoxigenin and then developed using diaminobenzidine. Sections were counterstained with hematoxylin, dehydrated using xylene, and coverslipped.
Statistics
The statistical significance of differences between groups was determined as described in figure legends using the program GraphPad Prism (version 4.03). A value of p Ͻ 0.05 was considered statistically significant. Error bars represent the SEM.
Results
To explore the relationship between the kinetics of in vivo vaccine Ag expression and immunogenicity, we used nonreplicating vaccine vectors as model immunogens and an IVIS to measure the expression of luciferase by these vectors. This imaging strategy exploits the ability of luciferase protein to catalyze the light-producing oxidation of the small molecule luciferin. Luciferin is inoculated into mice that have received luciferase-expressing immunogens, and the quantity of light emitted by this reaction is monitored in living mice (25) . Inoculating mice with increasing quantities of luciferase protein by the i.m. route, we first showed that the imaging system could detect the expression of luciferase in vivo with quantitative precision over a 4-log range (Fig. 1A) . Moreover, we demonstrated that luciferase protein had an in vivo t 1/2 of 13 h (data not shown), indicating that periodic measurements of luciferase expression reflected the kinetics of the expression of this protein. Using this system, we were readily able to quantitate luciferase expressed in mice by two prototypic nonreplicating immunogens, plasmid DNA and gene-deleted rAd (Fig. 1 , B and C). We then used this detection system to monitor the kinetics of luciferase expression in mice following vaccination with luciferase-producing rAd and plasmid DNA immunogens. Luciferase expression in mice immunized with rAd-Luc was maximal 48 h following immunization and declined dramatically over subsequent days (Fig. 2, A and B) . Similarly, luciferase expression in plasmid Luc-immunized mice reached a maximum at 14 days and declined significantly thereafter (Fig. 2, C and D) . By contrast, athymic nude mice evidenced high-level expression of luciferase by days 2 and 4 following rAd-Luc and plasmid Luc immunization, respectively, but showed no damping of expression over the entire course of the experiment (Fig. 2) . Although nude mice have multiple immune deficiencies (26), the dramatic difference in the kinetics of luciferase expression following vaccination of wild-type and athymic nude mice is consistent with a role for T lymphocytes in attenuating immunogen expression in vivo.
Loss of vaccine Ag expression in the wild-type mice became apparent at approximately the same time that Ag-specific T cell immune responses to these immunogens are reported to be first detectable (27, 28) . To assess the kinetics of the emergence of immune responses elicited by plasmid DNA and recombinant adenovirus, we immunized mice with vectors encoding gp120 and prospectively measured p18 tetramer responses (data not shown). p18-specific CD8 ϩ T lymphocyte responses were detected earlier in the mice immunized with the recombinant adenovirus construct than in the mice immunized with the plasmid DNA construct. Immune responses to the adenovirus construct were detectable at least 7 days earlier than responses to plasmid DNA. The differences in kinetics of these immune responses may explain the differing kinetics of Ag expression in these two systems.
Previous work has suggested that the destruction of myocytes expressing HBsAg was temporally associated with the emergence of Ab responses (13, 14) . We analyzed humoral immune responses in serum from mice inoculated with plasmid DNA and rAd immunogens at several time points following inoculation. However, we were unable to detect luciferase-specific Ab titers greater than 1:10 until at least 2 mo following immunization with either vector.
To determine whether the disappearance of vaccine Ag expression was temporally associated with the emergence of a cytotoxic T cell response in this system, we created a plasmid DNA construct that would allow for the measurement of T cell responses and Ag expression prospectively in the same individual animal. We inserted the H-2D b -restricted dominant epitope of SIV gag, AL11, into the N terminus of a luciferase-expressing plasmid DNA. Mice were immunized i.m. with 50 g of this construct, and we assessed Ag expression by in vivo imaging and monitored Agspecific immune responses by PBL staining with a D b /AL11 MHC 
tetramer. We observed high-level expression of luciferase and undetectable tetramer responses through day 11 following immunization. Over the next 3 days, however, we observed a nearly 300-fold decline in luciferase activity and a 20-fold increase in the frequency of AL11-specific CD8 ϩ T lymphocytes in the peripheral blood. Over the subsequent weeks, luciferase expression remained persistently low, whereas the frequency of AL11-specific lymphocytes declined (Fig.  3) . The temporal association between the appearance of detectable Ag-specific T cells and the damping of vaccine Ag expression is consistent with a role for T cells in limiting vaccine Ag expression.
However, these findings contradicted earlier reports that luciferase expression from plasmid DNA immunogens is not limited by immune responses (13, 29) . In assessing why the results of the present study differed from previously reported studies, we noted that the expression of the plasmid Luc immunogen was not persistent in the present experiments. We speculated that some luciferase-expressing plasmid DNA constructs may express persistently as a result of their inability to induce a strong T lymphocyte response. Indeed, we observed persistent expression in vivo by the immunogen plasmid Luc0, a vaccine construct that was not codon optimized and lacked two of the CpG motifs present in plasmid Luc (Fig. 4A) . We evaluated luciferase-specific cellular immune responses by splenocytes of mice immunized with the Luc and Luc0 vaccine constructs, using an IFN-␥ ELISPOT assay and lymphocyte exposure to a luciferase peptide pool, and observed only low-frequency responses by cells of animals immunized with the suboptimal construct (Fig. 4B) . These findings suggested that persistent vaccine Ag expression was associated with poor vaccine immunogenicity.
We have shown previously that poly(␤-amino ester) polymers can significantly enhance CTL responses to plasmid DNA immunogens (22) . To determine whether this adjuvant could enhance the T cell immunogenicity and damping of luciferase expression by this suboptimal construct, we vaccinated mice with plasmid Luc0, either alone or with a polymer adjuvant. We observed significantly lower levels of long-term luciferase expression in mice immunized with adjuvanted plasmid Luc0 as compared with mice receiving unadjuvanted plasmid Luc0 in wild-type animals ( p Ͻ 0.05), whereas no damping of adjuvanted or unadjuvanted immunogen expression was observed in athymic nude animals (Fig. 4A ). This damping of luciferase expression in the mice receiving adjuvanted plasmid Luc0 was associated with potent cellular immune responses, comparable in magnitude to those elicited by plasmid Luc alone (Fig. 4B) .
A role for T lymphocytes in the regulation of immunogen expression was further supported by the observation that the magnitude of the cellular immune response elicited by a vaccine immunogen correlated with the kinetics of vaccine Ag damping in vivo. There was a statistically significant correlation between the magnitude of the immune response as measured by ELISPOT assay on day 28 and the log decrease in luciferase expression between weeks 2 and 4 ( p Ͻ 0.001, R 2 ϭ 0.6, n ϭ 16). To explore the mechanism underlying this T lymphocyte-mediated damping of vaccine Ag expression, we performed a histological evaluation of plasmid Luc-inoculated muscles at the time of the damping of Ag expression. H&E-stained muscle sections demonstrated a local inflammatory cell infiltrate surrounding myocytes 17 days following plasmid DNA inoculation (Fig. 5A) . Infiltrating cells stained positively with an anti-CD3 mAb, suggesting that this infiltrate was composed predominantly of T cells (Fig. 5B) . Positive TUNEL staining (30) for the fragmented chromatin that is characteristic of apoptotic nuclei was observed in plasmid Luc inoculated, but not in control saline-inoculated muscles (Fig. 5, C  and D) . Positive TUNEL staining was observed in the nuclei of both myocytes and infiltrating cells. These observations therefore indicate that there was apoptosis of cells at the site of inoculation associated with an inflammatory infiltrate that included T lymphocytes.
To investigate the mechanisms underlying this apoptosis of muscles, we evaluated the contribution of selected molecules associated with T lymphocyte effector functions (31) (32) (33) . Mice with homozygous deletions in perforin and IFN-␥ genes were immunized with plasmid Luc and prospectively monitored for luciferase expression. The damping of luciferase expression in these animals was comparable to that seen in wild-type mice (Fig. 6A) , suggesting that these T lymphocyte mediators are not associated with this functional activity. However, Rag1-deficient mice did not demonstrate damping of luciferase expression following vaccination with plasmid Luc, indicating that the cells mediating this effect were Ag specific (Fig. 6B) . Moreover, we also observed persistent, highlevel luciferase expression in Fas-deficient mice (Fig. 6B) . This finding suggests that the regulation of plasmid DNA expression in immunized mice is dependent on Fas/Fas ligand interactions.
One possible explanation for the persistence of plasmid DNA vaccine Ag expression in Fas-deficient mice is that these mice were incapable of mounting an immune response to plasmid DNA vaccines. To examine the kinetics of immune responses in the absence of Fas-mediated Ag clearance, we immunized wild-type, Rag1
Ϫ/Ϫ , and Fas Ϫ/Ϫ mice with an AL11-tagged luciferase expression plasmid and monitored Ag expression and immune responses. As before, we observed persistent luciferase expression by in vivo imaging following immunization of Fas Ϫ/Ϫ and Rag1 Ϫ/Ϫ mice, whereas luciferase expression decayed in wildtype mice (data not shown). As expected, we detected an AL11-specific immune response following immunization in wild-type, but not in Rag1 Ϫ/Ϫ animals. Interestingly, we observed a persistent and potent immune response in Fas Ϫ/Ϫ animals in association with the persistent Ag expression (Fig. 6C) . These data suggest that persistent immune responses can be generated if Fas-mediated vaccine Ag clearance is avoided.
We then sought to determine how persistent Ag expression could occur in the setting of a high-frequency Ag-specific CD8 ϩ T cell response. To examine whether Ag-specific cells in Fas Ϫ/Ϫ animals are functionally defective and could therefore not eliminate cells expressing vaccine Ag, we compared the proliferative capacity, effector function, and phenotype between Ag-specific T cells generated in Fas Ϫ/Ϫ animals and those generated in wild-type animals. We inoculated Fas Ϫ/Ϫ and wild-type mice with priming and boosting inoculations of plasmid AL11-Luc. Responses to the priming immunizations were comparable to those illustrated in Fig. 6 , B and C. Following the boosting immunizations, we observed luciferase expression in both strains of mice (Fig. 7A) . Interestingly, vaccine Ag expression was attenuated significantly more rapidly following the boosting immunization than following the priming immunization. Peak expression levels in wild-type animals were observed at 11 days following a priming immunization and 4 days following a boost immunization. A more rapid damping of expression following a boosting inoculation is consistent with the central role of the cellular immune response in vaccine Ag clearance. Consistent with what was observed following a priming immunization, vaccine Ag expression following boosting was more persistent in the Fas Ϫ/Ϫ than in the wild-type control mice. However, in contrast to what was seen following a single immunization, some attenuation of luciferase expression was observed in following boosting of the Fas Ϫ/Ϫ animals. These data suggest that other mechanisms in addition to Fas-mediated apoptosis may be capable of eliminating Ag-producing muscle cells in the setting of the potent immune response elicited by a prime-boost immunization.
We also examined the immune responses induced in these mice by plasmid DNA inoculation (Fig. 7B) . In both strains of mice, we observed more rapid and higher magnitude responses than were seen following the priming immunizations. We also observed significantly higher immune responses in the Fas Ϫ/Ϫ than in the wildtype control mice following the boost immunizations.
We examined the function and phenotype of the vaccine-elicited CD8 ϩ T cells 14 days following boosting in both strains of mice. AL11-specific CD8 ϩ T lymphocytes from these mice produced higher levels of IFN-␥ following exposure to AL11 peptide than did unexposed cells (Fig. 7C) . Importantly, no differences in the percentages of IFN-␥ ϩ AL11-specific CD8 ϩ T cells were observed between Fas Ϫ/Ϫ and wild-type mice, even though the total number of Ag-specific T cells was higher in Fas Ϫ/Ϫ animals. These data suggest that Fas Ϫ/Ϫ T cells and wild-type T cells have similar effector function.
Because it has been suggested that persistent Ag expression can prevent the transition of Ag-specific T lymphocytes to a central memory subpopulation (34) , we sought to determine whether vaccinated Fas Ϫ/Ϫ animals were deficient in central memory cells. Expression of both the CD27 and CD62L molecules have been used to distinguish between central and effector T cells, central memory T cells being both CD27 high and CD62L high (34, 35) . We observed no statistically significant differences between wild-type and Fas Ϫ/Ϫ AL11-specific CD8 ϩ T cells in their CD27 and CD62L expression (Fig. 7D) . These data suggest that differences in central and effector phenotype between Fas Ϫ/Ϫ and wild-type T cells animals do not account for the increased cellular immune responses and persistent Ag expression observed in Fas Ϫ/Ϫ animals.
Discussion
The present studies show that vaccine-elicited T lymphocytes play a central role in modulating vaccine Ag expression in vivo. Using in vivo imaging of luciferase expression, we demonstrate that Ag expression from plasmid DNA or rAd immunogens is significantly reduced in mice with functional cellular immune systems, and that this reduction is temporally coincident with the emergence of T cell immune responses to these immunogens. Persistent transgene expression is observed with a vector that does not induce significant cellular immune responses, but augmentation of these immune responses with an adjuvant leads to the elimination of transgene expression.
Because Rag is needed for the TCR rearrangements that allow Ag recognition (36), the Rag requirement for the damping of Ag expression suggests that this phenomenon is mediated by Ag-specific lymphocytes. Similarly, the absence of a detectable Ab response in animals in which Ag expression is damped, the close temporal association between the elimination of Ag expression and the emergence of a T lymphocyte response, the absence of damping in athymic nude mice, and the more rapid attenuation of luciferase expression following boosting immunization all suggest that T lymphocytes mediate this phenomenon. Finally, the observation of apoptosis in muscle cells following plasmid DNA inoculation and the requirement for Fas for terminating vaccine immunogen expression suggest that Ag-specific T lymphocytes may induce apoptosis of cells expressing vaccine immunogens in vivo.
Previous work suggested that inoculation of plasmid DNA encoding a surface-expressed immunogen can lead to Ab-mediated destruction of Ag-expressing cells, but immunogens such as luciferase that are expressed intracellularly can express persistently (13, 14, 29) . These earlier findings suggested that cellular immune responses do not play a role in limiting expression from plasmid DNA immunogens, and that unadjuvanted plasmid DNA could serve as a persistent source of Ag for cellular immune responses, as long as it does not evoke a humoral immune response. Consistent with those reports, we observed that certain luciferase-expressing plasmid DNA constructs were not eliminated by cellular immune responses; however, these same constructs were incapable of eliciting potent cellular immune responses. High-frequency cellular immune responses with an associated clearance of Ag-expressing cells in vivo were both observed either when the suboptimal vaccine construct was formulated with an adjuvant or when an immunogenically optimized vaccine construct was used. Because potent immune responses prevent persistent Ag expression by vaccine immunogens, persistent expression will only be possible if these immune mechanisms can be evaded. Immune evasion may prove possible if plasmid DNA is released in vivo from an immunologically silent depot (37) , or if vaccine Ag-producing cells can avoid elimination. Although it is theoretically possible that the persistence of high-level Ag expression in a vaccinee may lead to tolerization (38) or prevent the transition of Ag-specific T lymphocytes to a central memory subpopulation (34) , prolongation of Ag expression in vivo may also substantially potentiate cellular immune responses. Indeed, we did not observe defective anamnestic responses, effector function, or transition to central memory cells in Fas Ϫ/Ϫ animals that persistently expressed the luciferase Ag.
The present findings suggest a flaw in current vaccine strategies designed to achieve persistent Ag expression. Because vectors that induce potent immune responses cause the elimination of Ag-expressing cells, avoidance of this immune response will be required to achieve high-level, persistent expression of vaccine Ag to drive immune responses. The observations in the present study will therefore inform the expectations and strategies that will be used by investigators attempting to vaccinate against pathogens such as HIV, M. tuberculosis, and malaria.
